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THREE-DIMENSIONAL RAPID PROTOTYPING 

The present invention relates to methods of prototype constriction and/or small 
5 quantity manufacture by contiolled layerwise deposition and extraction. 



BACKGROUND OF THE INVENTION 

10 

There is considerable interest within industry in manufacturing prototypes or 
small production batches in a rapid and cost effective maimer. Conventional 
part production methods are neither time nor cost effective when only a small 
number of units are needed because they require expensive part-specific 

15 tooling, setting up machining protocols, and generating and progranuning three- 
dimensional (3-D) tool paths which require much time and professional 
expertise. The cost and time to set up and run machine-specific tooling, along 
with the initial capital costs for tooling, make conventional prototyping/small 
production run processes both time and cost intensive. Furthermore, 

20 conventional 
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protolyping iiycIIkkIs are liniitcci in practice In simple pari geoiiietrics. Complex parts 
involving inner Tealures and c«>res/cavilics arc ililTiciill to proilncc using conventional 
leclHii<|iics ami oflcn rec|itirc precision casting metlHuls which are highly expensive, time 
consuming, and rctpiire a hioad range nrexpcrlisc. 

Rapid Prototyping Systems (RI\S) in the prior art, to a large degree, attempts to address the 
needs and problems mentioned above. A single automated system can be used io protlucc 
prototype parts and small production runs directly Irom engineering designs. Such a 
system is limited only by the size of the part and not by the intricacy of the part ge<nnetry. 

0 rhus, such a machine is not so parl-speciric as conventional tooling, and a capital 
investment in such a msicliine is all that is needed to produce virtually any part within the 
size constraints of the system. Automated prototyping machines, Imlhcrmorc, rapiirc a 
minimum of human expertise for successful operation and a relatively negligible amount of 
set up lime lor a particular part. Parts of complex geometries can be realized in relatively 

5 short amounts of time with significant benefit to industry especially where designs are 
changed frequently and prototyjxis or mock-ups are needed for design evaluation. 

All .such RPS make use of a conunon approach involving the siralirication of the pn)totype. 
Software "slices" the prototy|)c part geometry into a sc(piencc of cross-sectional 
0 conlours(slrata) used to drive a materials processing system which recreates each contotu' 



SUBSTITUTE SHEET (RULE 26) 



wo 95/05935 PCT,TB94/00256 



3 

oul of prcsiKcinctI nialerials. The pi.»lolype part is IniiU up by adhering successive |»;ui 
ci<)SS-scc(ions togetlier until »he part is coinplelc. 

C;uiTcnlly, Ihcic arc several realizalions of RI'S. each cniph.ying a particular Iccln.oU.gy 
5 with i(s own sIrcnpUis and weaknesses: 

* Slcreolitliography. referenced in US palenl 4,575.3.M) by Charles W. Hull; 

Coiupulcr Aided Manufacturing Process and Systcn. (CAMfS), as descrilKil in US 
10 palenl 4.665.492 by William n. Maslere; 

* Laniinalions MellKHl. <lescribcd in US palenl 4.732.352 by Michael reygin. 

* Scleclivc Laser Sintering (SLS), described in US patent 4.863.538 by Carl R. 
15 Deckmi; 

* Mask and Deposit (MD*) System, described in US patent 5.126.529 by Lec E. 
Weiss. 

20 * riirce Dimensional Priming, discussed in the Publication "Three Dimensional 

Priming: Form. Materials, and Performance by Michael J. Cima and nmanuci M. 
Sachs. Solid Fieefonn rabricalit)n Symposium. University of Texas at Austin. 
Austin TX. August 1991. 
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Slcrcolilliogni|)liy protlitccs pari layers hy scanning a laser across Ihe siirlacc of a 
pliol!)polymcr iiqiiid ha(h and curing Ihe pliolopolynier along the pari conloiirs. riic 
precision is only liniiled hy llic boundary of pliofo[)olynicri7.alion inilially, but as llic parts 
conlinuc curing in the posi build stage, waipage bec(»nies a limiting factor. The material 
5 proiKilics of Ihc parts arc also limited by the material pro|)ertics.of pliolopolymers. 

Selective laser Sintering (SLS) produces part layers by scanning powder with a high 
powered laser to induce sintering local to the laser path. While this process creates 
complicated geometries, the sintered material densities are low. Consequently, the 
10 mechanical properties of SLS parts are relatively unsuitable for lunclional prolo(y|>cs. 
Increasing Ihc density of SLS parts woulil require a higher degree of sintering/melting of 
the part powder, thereby compromising the geometric control provided by SLS. 

Rapid prototyping by Precision Metal Spraying (Mask and Deposit ),on the other hand, 
15 employs precision cut masks for each part layer and thus has the advantage of geometric 
contiol limited by Ihe mask precision and/or the aspect ratio (tiiask feature width--lo-layer 
depth), notwithstanding any problems associated with mask/part material selection such as 
binding, warping, and mask mclling. 1 he intra/interlaycr bonding in sprayed parts, 
however, is often primarily mechanical becau.se Ihe material particles are coolcti before they 
20 hit the surface layer. Obtaining stress-free layers with desirable nialerial properties involves 
significant tradeoffs with geometric control of the pai I. 
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Siniilmly, parts niailc by Unllislic Particle Maiuiracliiiing oi InkJet IVinliiig (CAMPS) nuisl 
also Hade oil |)art (jiialily wilh geometric contiol. I lie hnilcling of pr<)l(>ly|)cs from welded 
or adhered prccul laminalioiis as in the Laminations Method, moreover, suffers front a 
IradcolT between inter laininalitni lionding and geomelric control, as well as lr<»m several 
5 precision handling problems associated with complicated part cr<»ss sections. 

Lastly, 3-0 printing systems deposit tiny binder material dioplcis onto a layer of ptnvder. 
essentially precision printing each snccossivc part layer, rhcse systems. Innvever, have the 
disadvantage of porosity (low density) and poor bonding in green parts (prior to oven 
10 baking) dne to the lliiid mechanics and physics of the printing and tending processes. ( )ncc 
the parts are oven heated t«> bake out the binilcr material, warpage and distortion related to 
shrinkage limit the attainable precision of the final parts. 

All of the present rapid pnitotyping melluKis, therefore, unfortunately arc subject to contain 
15 inherent difficulties and limitations in as|x:cls of their prol«>type creation. In sunnnary, the 
key disadvantages asscKialcd wilh one or more of the current systems are: ( I ) poor material 
properties and/or distribution of material properties; (2) poor geometric control and/or 
diificnlly with complex geometry; and (3) trade of f between geometric part control and 
intcrtaycr Innid strength and/or part properties, such as density or microstructure. 

20 
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While cacli of Ihc above prior processes is (lilfcrciit, (licy all share a key clement: each 
process is aiklitive. Thai is, Chey all pnulucc a 3-1.) pari by iiicrciiienlally acUiing inalcrial lo 
buill it up. PiirlheniHire. Ihc aJdilivc Iccbnologics which dislinguish these |)r()ccsscs all 
involve a UaclcolT hclwccn niainlainitig a high degree ol gcoinclric precision and attaining 
suitable material properties in the fnial pail. 

In accordance with the present invention on tijc other hand, 3-D manulacluring by 
controlled layerwise dcposilion/exiraclion is a novel rapid prototyping method that 
inlegralcs Ihe precision control of established subtraclive jmiccsses with additive processes 
optimized lo produce desired material properties in order lo produce a superior rapid 
prototyping system that does not sufler fron) any of the above mentioned shortcomings of 
prior art systenis. 

In Ihc controlled layerwise deposition/extraction method of Ihc invcniion, each layer is 
formed by selectively depositing pari and complementary malcrials on ihe pieccding layer 
(work surface). Complementary material surrounds Ihc part malerial on each layer to 
provide such things as slruclural su|ipoit, chemical and/or thermal integrity, and adhesion; 
such being chosen based on the specific malcrials and Ihc specific iniplemenlalion of the 
melhod. Systems for selective deposition of malcrials arc generally based on ihc projicrlies 
of Ihc materials and will he discussed in more detail hereinaflei . Part materials are exiiaclcd 
from the initial pari contours produced l)y Ihc deposition systems lo arrive wilhin s|Kxifieil 
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. gctmiclric Iterance <.r (he pail nialciial layer. Sclcclivc dcposili..ii ami cxliaclmii i.l 
complcniciilaiy inalciials can he used Co lorn. c,.iili..l i»Ml«)«rs Ibr Ihe sclcclivc (lcj)nsilinii 
„f pari tnalcrials. These conlrul cunlours arc used lo piiidc llie dc|K.silu.n system int.. 
prculuciiig near ne( shape pari cnl.n.rs such lhal Ihc anu.iint ..1 suhlraclivc proccssiiip l..r 
5 Ihc part nialerial layer is reduced. Precul masks can he used as a lorm ol c.nlrol conlo.u 
for sclcclivc dcposilion. \iy prclorn.int; masks from cunplcmcnlary materials and Icavinn 
Ihcm ill place, Ihe additive processing of complementary materials can also Ik reduced. 
The type of control conf.ur and the level ol precision in any control conlour will he 
determined hy the pari and complementary materials. (Iicir icspcclivc area ratios over the 
10 work surface, and/or tlic particular crnhHlimcnl of Ihc iuciIkhI. In any ca.se. each c«.mplctcd 
layer is an aggregate of part nnilcrials c«)iilours and coinplciiicntary materials contours, the 
part materials contours l)cing within prcs|)ccilicd geometric and nuilcrial pmiicrty tolerances 
and Ihc remaining area of the aggregate layer (work surface) filled with coniplc.ncnlary 
malcrials. By employing various dcp.isilion and extraction prt)cc.ssc.s. and hy maintaining 
15 strict cimlrol of the processing envii(mmenl. the method Ibr rapid prololypiug of Ihe 
invention may he used with many dilfcicnt materials including. Ibr example, iiiclals. 
alloys, Iherim.forming plastics, ihcrmosclting i)laslics. ceramics, and salts. I hcsc different 
malcrials may he u.sed siimiltancously within the part. 
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ouJEcr or THE invention 

An objcci of llie prcscnl iiivcHlion, llicielorc. is (o provide a new and su|)crit.r mctluni of 
aiUoiMsilcd maiuifacliiiiiig of piololypcs aiul/oi small qiiiimHics of ilcins llial, unlike prior nr( 
5 icchnitpics bnscd upon iiicrcnicn!ally ailding nuUcrial l«) build up llic ilciu, willi allcndaiil 
icquircmcnls of a high degree of precision, uses ihc eslabiishcd and precise niclhods of 
sublraclive processes in conjunction widi addilivc processes optimized to allain specdied 
nuilcrial properties, to provide improved rapid prototyping that obviates sliortcnmings ol 
such prior art tcclinit|ucs. 

10 

A further object is to provide novel apparatus for carrying out ilic novel method of the 
invention. 

Slill a further objcci is to provide such a new technique of controlled layerwi.se 
15 dcposilion/cxiraclion wherein each layer is formed by selectively de|iositing and removing 
part and coniplenicntary malerials Irom the current layer or work surface. 

Other and further objects will be hereinafter described and niorc particularly delineated in 
the appended claims. 

20 
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SUMMARY OF INVRNTION 

111 Mtinmniy. Iiom one of ils biojulci iispccis, llic invcniion cinbinccs a hicIIickI oI 
;iiiloiniitctl hiyciwisc rnbiicnfion o\ i\ llurc-iliniciisioiKil pail lioiii a coinpulcr iiuulcl. 

5 ihroiigh conliollcti tlepusilion aiul cxlraction of tnalcrials, that comprises, pioviiling a 
lhrcc- <limciisioi!al compiUcr iiunlci ivpi cscmali<Mi ol Ihc pari aiul, liy soi l ware, slicing llic 
same into a phnalily of successive layers corresponding !o layers of picilclcrmincil 
Ihickness(es) of the pari; gcneraling se(|ucnces ol pari and compleincniary supiuirl 
malcrial(s) conlouis corresponding lo each layer: dcposiling lualerial(s) lor one or nuMC 

10 conlours oiilo a work surlace within a processing enclosure; malerial(s) processing said 
deposited conlour(s) in order lo achieve prespectficd material properties for part and 
complementary conlours; removing portions of said malerial(s) rrom said conloui(s) under 
the control of the computer model conloui(s) corresponding Ihcielo; repeating the 
depositing, processings and removing as necessary under the conlrol of the computer 

15 model coiresponding lo the layer to complete an aggregale layer comprising pari material 
contours within piespecined geometric and material properly tolerances and ctimplemenlary 
matcrial(s) elsewhere on the aggregate layer; compleling the computer model sliced layer hy 
furlhcr jiiocessing said aggregale hiyer such as machining off a sublayer to ensure 
thickness tolerances or roughening or chemically enhancing the surface lo ensure selective 

20 binding lo the next aggregale layer* repeating said conlrolled layer creation steps to build 
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JO 



Ihc ciiliic pan siiiKninclccI hy llic complcmcnUiiy iiialciial/s; and rcmoviiig said 
Cdiitplcincnlaiy in»lcrial/s («» ohlain ihc raliricalcil piiil. 



5 FVcfcircd and licsl mode einhodiniciils anil designs will licrcinallcr he desciilicd in dclail. 



DRAWINCJS 

10 'I hc invention will now l)c ilesciihcd in eonneclion wi(h (he accompanying drawings, l-igs. 
1-8. which arc sclicntalic views of necessary sicps in Ihe procedure of a prclerred 
cnilMKlitncnl of Ihc invention; 

Pig.'s I A and I B are (low charls of llie general opcnilion of enilM)dimcnls of the invention. 
15 effecting its method of laycrwisc controlled dcposilion/cMraction. with and without prccut 
masks rcspcctively; 

Pig. IB allow.s lor Ihe llrsl deposition to Iw pail orconiplcmcntaiy material; 

20 r-ig. 2 is a hlock diagram of a preferred computer and controls siibsyslcm for o|)crating the 
apparatus and conliolling the process or method of Ihc invenlion; 
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1 1 

Rg. 3A ilkistniles suilabic mask-lninialinii appnnliis where masks arc lo he used, witli 
rip.'s 3B and 3C sluiwiiig prccul masks ordilTcrcnl precision for cniiliiuious fihn sicjck 
and discrete film slock, rcspcclivcly; 

5 I'ig. 3I> illiislralcs conloiir laclorizalion lhal can used wilh masks; 

Fig/s 3E- (i and 3II-J arc modilicalicms of respective Tig/s 3A-C; 

Fig. 4 is a diagram of a suitable processing enclosure, work surlace, and environmental 
10 control system; 

Fig 's 5A and 313 siiow part and complementary materials deposition and fusion l)onding 
apparatus used in depositing, materials processing, and adhering the successive layers in 
the materials additive subsystem of the invention; 

15 

Fig.'s 5C and SD respectively diagram radial and grid type discretization of the layers lor 
llic deposition of material; 

Fig/s 5R, 5F. and 5G are diagrams of the primary deposition step using nuitcrial spray, 
20 powder dispensing, molten material dispensing, pre-curcd resin dispensing, and sol gel 
dispensing; 
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Fig. 511 Is a (liagniin of a fusion bonding appaialiis for adhering the successive deposited 
hiycrs and establishing desired nnitcrial pro|x:r(ies in the layer; 

Pig/s 6A and 6B are views of hiscr/I:-bcani and milling/grinding tnalcrials sublracli<»n, 
5 extraction, or removal in accordance with ihc invcniion; 

Fig. 7 is a diagram of a suitable interlaycr processing apparatus; Fig.'s 7A, 715 and 7C 
show a part, the layered (sliced) part, and an nggregnlc layer corresponding to a parlicular 
part layer. 



10 



Fig.'s 8A, 8B, and 8C illuslralc part post-processing steps of heat and surface Ircalmcnl, 
chemical bath treatment and polishing, rcsficctively. 



15 



DESCRUn ION OF PREFERRED EMfiODIMEN r(S) OF INVEN TION 

Before proceeding to describe embodiments illustrating the niethod and preferred apparatus 
20 for carrying out the layerwise ct>ntrolled deposition/extraction tcclnii(|ue underlying the 
invention, a brief description of the general framework lor such rapid prototyping is 
believed to be useful. 
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The nisiin subsyslcins associalctl wilh siicli rapid pnitolyping hy layeiwisc coiitiollcil 



fonning siibsyslcin, (3) a pai l chamber and work surface .siibsysleni, (4) an environnicnlal 
couUol siibsyslcni, (5) a iiialerials additive processes subsyslcm, (6) a nialcrials siilihaciivc 
5 processes siibsyslein, (7), a layer processing and prcpping subsyslein, and (8) a pari pos! - 
processing siibsyslem. 

I his calcgorizalion is made according lo purpose and nol according In physical lealizalion 
or placcmcnl, as some subsystems may be disliilniled tliroughoul Ihc apparatus. 



riic How charts of Fig/s I A and IB show the underlying 3-D controlled 
dcposition/cxlraclii)n (or removal or subtraction) processes of the invention and its various 
hcicinalter described embodimcnls. employing prccul masks and without piccut masks, 
res|)ectivcly. 



Referring lirsl to Fig. I A, following mask formation in real time or in batch iihkIc and 
"Mask Handling", so-labeled, the part inalerial is applied by additive processing (primary 
deposition and then fusion bonding), such steps also being effected with the 
complementary malciial(s) (primary deposition and possibly fusion bonding), and with the 
20 deposited and l>onded part material subjected to the subliactive processing of the invention, 
all as more fully described hereinafter. Following ledeposilion of complementary material 



dcposition/exliaclion include ( I ) a computer and controls subsystem, (2) an optional mask- 



10 
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ill cniply regions and siibsequciil surface Ircalniciit, these sleps are re|)eiitetl for successive 
layers as indicalcci by llie Icctlback lines hum "Surface rrcalnicnl" U> Ihc "Mask 
Foiinalii)n" and "Mask Handling" process step blocks. 

5 When no prccul masks arc employed on llic layered proltilypc or part build-up» I'ig. 

the part ma(erial(s) and the complementary ma(crial(s) are again applied by primary 
deposition and then fusion bonding (nnitcs A and B corresponding lo part matcrial(s) f irst 
and complementary material(s) first, respectively) followed by sublraclive proccssiiig of the 
work surface, wiUi repetition as at (I), until the aggregate layer corresponding to a 

10 completed layer of the part is formed. Following "Surface Trcalment", the process is 
repeated for successive layers. 

( I ) Computer «nnd Controls Subsystem 

15 

"I hc computer and coiiUols subsystem 1, Pig. 2, interfaces with all other subsystems and 
Ihe operator lo initiate and control the ra|>id prototyping process. This subsystem lakes in a 
CAD/CAM represcnlalion of the prototype pari and slices it, by software as indicated al 
(10), into the sequence of layers (L) used to drive the remaining subsystems. This 
20 subsystem generates the process control signals (12) which drive the other subsystems of 
(he apparatus, and monitors the whole process lo ensure proper operation. This subsystem 
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will generate pari layers ami conlrols based cm operator preference and on minimizing 
process dirriciiltics within the processing enclosure ( 14) such as part support problems, 
desired material properties issues, material matching pniblems, Tcature size constraints, 
material How and shrinkage |iroblcins, and workspace constraints, all of which arc 
5 diagnosed up front to allow for redesign of the part or reconftguralion of the apparatus. 
This system also provides mechanisms for in - process diagnoses, correction, and learning. 

(2) Optional Mask F'orming Subsystem 

10 

riie optional mask forming subsystem 2, Tig 's 3A-3.I, can provide preformed mask 
conlours to reduce the amount of materials additive and/or subtractivc processing reijuircd 
to attain the desired geometry lor the part layer. If utilized (Tig. IB), the mask formation 
subsystem produces masks for the de|K)silion of the part materials. The mask functions as 
25 a control contour, i»ot necessarily within tolerance^ for Ihc part materials lo lilK Ihcrcliy 
reducing the amount of additive [Mocessing rc(|uircd during the formation of the layer, t his 
is described further in the hereafter (nesentcd materials additive and subtractivc process 
subsystems 5 and 6, Fig/s 5A-5II and 6A-6I3. 

20 rurtherinore, the mask contours, if made orcom|ilementary materials and left in place as 
support for the part contours, can significantly reduce the amount of complementary 
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inalerial that must be tieposilcil lo complete llic layer. However, the masks may he made ol 
materials other than complementary materials to suit Ihc materials additive process. 
Nevertheless, the mask contours need to be rormccl and positioned acciuatcly over the 
work surface, riie use and |)recision (tanging from near net shape to gross contours) of 
5 preformed masks in the formation of layers is a pr<Kess choice to he made. 

The mask formation subsystem stores and delivers mask materials, and forms the mask 
contours maintaining mask liandling and positioning control, and mask contour geometry. 

10 Additionally, this subsystem performs mask enhanccujcnls and preparations which 
facilitate the use of masks in the other subsystems of the apparatus, including, positioning 
markers, coating and surface treatment, material flow pallnvays, and bridges and/or 
fixtmes for islands, 

15 

(3) Part Processing Enclosure and Work Sui face Subsystcu) 

The part processing enclosuic and work surface subsystem 3, Pig. 4, contains and 
manipulates the part as it is being built in the ench)surc (14), one hiycr al a lime. This 
20 subsystem provides access to the part and to the current work surface (layer) of the part to 
subsystems which monitor and/or operate on the part: including, for example, additive 
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processes, sublraclivc processes, positioning and/or liandling syslcins, and 
probing/nieasiu'cnicnl systems. 



5 (4) Fnvinmniculal C'onlrol Subsyslcni 

1lic environnicnial control subsystem 4, also in F'ig, 4, maiulains tite proper environmcnl 
for the subsystems of the apparatus as comnunidcd by the computer and coniiols 
subsystem. The environmental variables which mny be contiolled include, temperaluie, 
10 pressure, inertness and other chemical conditions, cleanliness (debris imd coiulcnsnlion), 
iind vibration and noise. 

(5) Materials Additive Subsystem 

15 

1 he materials additive subsystem 5, Fig.'s 5A-5B, is comprised of liie various additive 
processes for pait and compicmcnlaiy materials. These piocesses deliver and deposit part 
materials within the geometric control provided by the respective apparatus and/or by 
control contours provided by selectively deposited and extracted complementary materials 
20 t)r by precul masks. In addition, these systems dcp«>sit complementary materials where 
necessary to complete the cut rent layer. 
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'I'hc p;n1 matcrinls additive processes have Iwo phases: (he primary deposition phase ami 
the fusion bonding phase so-hihelcd in Fig. 5A, In the primary deposition phase, the 
malcf iai is deposited to a prespecified thickness on the work surface or only on selected 
discrete areas of the discreti/ed (sectioned) work surface, such as shown in F'ig/s 5(' and 

5 50, respectively for radial and grid lypc discrclizalion (sectioning). In the fusion Ixinding 
phase, Fig. 511, it is ensured thai a fusion bond occurs between the current and previous 
part layers and that the deposited material is energy healed to achieve a prespecified, sel of 
material properties (microstruclure). depending on the materials, the two phases may 
coincide and/or be achieved by the same apparatus. The complementary materials addilive 

10 processes may have two similar phases, bul it is nol required that a fusion bond be 
established: only that the complementary materials fill in empty areas and provide, as 
needed, structural support, chemical and/or thermal integrity, and a sul>strate for future 
layer adhesion. 

15 Various additive processes are used within the materials additive subsystem and scheduled 
according to llie process requirements by the coniputer and controls subsystem, (12) Fig. 
2, to achieve prespecified final part (pialilies. Bxamples of materials addilive processes 
include powder deposition and melting. Fig. 5F, plasma spaying and heat/energy licam 
glazing. Fig. 5E, molten material dispensing, and pie-cured material dispensing and curing 



20 
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with heal source/energy hcain (picfcnihly prcciiicd lesin and/or sol-gcl and «hc like), l-ig. 
5G. 

Hie inalcrials addicive suhsyslcin iiicorporalcs siirlacc healing, hiycr glazing, and rapid 
5 solidillcalipn as ic(|uitcd Ibr Ihc various additive princesses. 

(6) Materials Siihtractivc Suhsystcni 

10 I hc purpose of the materials sui>tractivc, extractive^ or removal sul>systcm 6. l-ig/s TiA 

and 6B, is to remove part and coniplemcnlary materials from the work surface as 
commanded by the com|iulcr and controls sul>syslcm \, Pig. 2. Laser or P.-hcam 
machining is shown in Pig. 6A, ami milling or grinding and the like in Pig. fiB. This 
suhsyslcm provides the f inal ge«)metric accuracy of the contours alter all Ihc fiolcnlial 

15 sources ol geometric enx>r on the layer such as hending/warping due to residual stress, 
shrinkage upon solidification, and distortion due to layer processing (to achieve 
|>rcspcciricd material properties within Ihc layer and achieve inlci layer fusion honding), 
have already been introduced by the other subsystems. In other words, the other 
subsystems have all acted on the de|M>silcd layer such that all the physical and material 

20 projierties of the layer such as malei iai density and microstruclurc, and rcsiilual stresses arc 
all within jirespccified tolerances for the deposited contours. I hc materials sublraclivc 
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subsysleni tlicii selcclively removes (lie final iiin(cri:ils, as speciried by llie rcspcclivc 
conknirs Tor llial layer IVoiii Ihe coinpulcr aiul coiKrols subsystem I, willioiif altering the 
prcsiiecificcl physical anil material parameters signiiicantiy. 

riic use of control contours in the ailtlitive process tielcrmines (he amount of subtraclive 
processing rec|uirecl to arrive within Ihe geometric tolerance of the desired part layer. When 
no con(r(»l contour is used, the entire pari layer must be formed by Ihe subtraclive 
processing of the deposited part materials. Near net shape part layer conloui-s in Ihe mask 
reduces Ihe amount of sublractive processing, as would a discrclized malcrials additive 
process. Afler sublractive processing of the part contours, complementary materials are 
dcjiosiled by the malerials additive subsystem into emply regions of the work surface. 

(7) Inlerlayer Processing and Preparalion Sub.system 

1'he inlerlayer processing and prcparalitm subsyslcm 7, Fig. 7, consists of work surface 
preparations performed between each part hiyer as rccjuired by the compmer and controls 
subsy.stcm I. Fig. 2. These operations include surface treatment such as heating (IR), 
roughening, grinding, leveling, etc. (16), addition of surfactants, binders, chemical 
barriers, alloying materials, etc. (20), and addition and/or configuration of fixtures. 
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' (8) \\\\\ Posl-proccssing Subsyslem 

The part post-processing sul>syslciii 8, Pig. 8, perlornis rinisliing openilioiis on tlic 
coiiiplclcti pail affcr il is removed from Ihc pail chamber. SiicIj opcnUions include removal 
5 of coiuplcincntary materials through oxidation or thermal/mechanical processes, Tig. 8 A, 
and/or vaporization or dissolution. I'ig. 8B, polishing, Tig. 8C, machining, heal treating, 
chemical treatment, coalings application, aiul assembly. 



10 

DKTAILS OrOPKRATION OP SUnSYS THMS ( I ) niR()UC;iI (8) 

Reicrring to Tig/s 2-8C, (he automated rapid prototyping melhod of Ihc invcnlion bascti 
15 on selective dcjiosilion/rcmoval ol materials is jierformed with Ihc sequences of operalion 
previously summarized in the How charts of Tig. 's I A and IB. 

The computer and controls subsyslem I, T'ig. 2, embodies, as Ihe controls generator and 
system monitor (12), Tor cxamjilc, a commercially available computer with CAD/CAM 
20 slicing software, a user interface, and I/O hardware by which to communicate with olher 
subsystems. Ihe slicing software exists commercially, such as, for example, Ihe 
CAMAND and ULTRACAM products from CAMAX Systems Inc., and can readily be 
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iiMKlillcd :iikI cxtcntlcd. sis is well kimwii in llic iiil, lo provide c,x(icn diagnosis capabililics 
hascfi on innlcrials and pnxrcsR varlahlcs as well as learning eapahilllies. 

If ulili7.ed. the ofMional mask l«»rniing siihsyslcni 2. I'ig.'s 3A-;ll. may consist of a 
5 niaclii.ning station (22). F-ig.'s 3 A and Ml, at which conliniious films or sets of sheets arc 
laser cut. on a system such as the Landmark laser marking system of AB Lasers Co., or 
machined l>y milling, l-ig. 311. or punching to produce a prcciit contour for the part layer. 
The precnt masks, if made of complementary material and left in place, can also serve as 
complementary material contours for each layer, (iraphitc films or sheets arc one possible 
ID choice of complententary material precul masks, and may he used for high tempciatiirc 
applicali.iiis such as with parts involving tool steels or ceramics since graphite has a high 
melting letnpcralme. CJraphite al.so «»xidi7.cs rapidly well hclow its melting point which 
facilitates icinoving the graphite complementary materials surroumliiig Che lliiishcd part. 
Different choices of complemcntaiy material may also he made depending (»n the pnicess 
15 rc(|uirements. These eomplemenlary materials may then he removed by a variety ol 
processes inclutling heating, oxidation, solution bathing, vibration, etc.. The nia.sk .stock 
may be in the form of a continuous film loaded into the appaiatus ami advanced 
accordingly. Pig.'s 3 A and 313. 3li and 3P. and/or 311 and 31. or in the form of discrete 
sheets loaded .sequentially, f-ig.'s 3C and 3G. and/or 3J. 

20 
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If iililizcil. Ihc prcciM mask conlcnirs, Rg/s 3A-3J, may be rough culs cif llic desired part 
coiHoiir sn as lo reduce siihsc(|ucn( siihlraciive processing and debris. Allcniativcly. Ilie 
prccnl mask contours may be precision machined (o williin Uic tolerance ol the desired pari 
layer lo mininiizc subse(|uen( sul>hactive faocessing and debris. In general, (he degree of 

5 precision in the mask formation process 2 wouhl be a( best ecpial lo the precision (d* the 
materials subtractivc process subsystem. Among Ihc additional prccut mask processing 
o|icrali<Mis is the machining of the mask handling and positioning markings, Tig 's 3n, M,\ 
3I\ 3( J, 31 and 3J, and (he lorming of removable bridges (o any mask islands which were 
created intentionally in favor of employing sublraclive processes in particular regions of Ihc 

10 mask, if the prccut masks arc not intended to be left as support structure, contour 
factorization. Fig. 3D mny be. used lo prevent mask islands. The finislicd prccut masks are 
conveyed t<) a mask buffer, I'ig.'s 3 A, 3ft, and 311, from which they are scheduled for 
accurate positioning, aligning, and flaltening over the work surface in I'ig. 4. 

15 'I'lic cjivironmenlal control subsystem, 4, and the pari processing enclosure subsystem, 3, 
arc shown in Fig. 4 as a sealed enclosure (4), with scn.sors, healers/coolers, gas (low ducts 
and pum|)s, and windows, for directed energy beams and sensors. The part chamlier 
preferably consists of a servo controlled piston in a cylinder encompassed in the lower 
chamber enclosure (14), and the current work surface, Fig. 4, is shown as the topmost 

20 surface within the cylinder. 1 he part upper chamber processing enclosure (4), houses or 
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provides access of (he work surface lo (lie ciiviromiicii! conlrol siihsystem 4, Ihc malcrials 
addilivc and siihhaclivc processes siihsyslcms 5 and 6, I'ig.'s 5A-5M and 6A and TiH, and 
the inlerlaycr processing subsystem 7, Fig. 7. 

5 In the cinbodhncn! n\' Fig. A. Ihc pari chainl)cr is inounlcd lo a precision x-y-z posilioning 
lahic, schcniadcally rcprcsciUcd hy the 3-axis vector diagram, and llic addilivc and 
suhtiaclivc subsystem appaiatus arc scheduled over the vvoik surface. 'I l»c convention is 
used herein of schematically showing the icqniied positioning tables as an axis vector 
diagranu such apparatus being well known and deemed uimccessaty to complicate the 

10 drawings heicin. 

In a modiTtcd embodiment Ihc pari chamber may be mounlcd lo a precision x and/or y 
amIAirz positioning labic and each additive and/or sublractivc pioccssing ajipaiatus may Ix^ 
capable of x-y and/or z-axis motion in addition the motion <if the work sm lace. 

15 

In still another embodiment, the pail chamber may be fixed and Ihe additive and/or the 
suhtiaclivc apparalus ate capable of piccision x-y and/or z motion. The processing 
enclosure and pai I chamber may be kepi al elevaled lemixiralures lo reduce ihermal cycling, 
residual stresses, and facilitate the materials addilivc processes and Ihe formation of (|ualily 
20 interlayer bonds, and may provide an inert and clean environment via debris and 
conlaminanl removal. The processing enclosure and the pari chamber may be capable of 
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pressure cycling for inalerials Jidililive processing, iiilcrlayer processing, and/or debris 
removal al ( 1 1 ), Fig. 4, Additionally, llic processing enclosure and/or pari chainlier Imuses 
or provides access lo inalcrial slock and mask buffers wliich supply the various processes 
inlicrcnl lo pari layer ronniilion. Hie processing enclosure ant! chamber are designed and 
5 operated lo regulate llie level of oxygen, non-incil gasses (labeled "gas" in Fig. 4) and 
contaminants during the building of the part. 

Al the .sinrt of each layer one of two processing scenarios may be carried out based upon 
the particular cmbodimenl and/or Ihc volume fraction of part lo complementary materials in 
10 the current layer. 

Scenario One: Complementary material is selectively deposited first. Part material is 
subsequently deposited within the control contours provided by the complementary 
materials. Material processing opcralions before described, such as heating, chemical 

15 treating, or energy treating are then performed on the deposited part materials (and possibly 
complementary materials) contours by the materials additive system to ensure that the pail 
(and possibly complementary) materials are within lolerance of prespecified material 
properties. Coniplemenlary malcrial may be deposited by either placing a piccul mask 
made of complementary material or selectively through the materials additive subsystcnu 

20 and may be machined or selectively removed in addition. The precision of the precut mask 
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5 



conH)iii aiKl/or lire coinplciiicnlsiry iiialciials sclcclivc depci.sili«)ii sippnruliis is a paraiiiclcr «f 
•he particular enilKKliiitcnl or apparatus. 

Scenario I wo: fart material is first selectively tlep«)sitc(l. Completiientai^ lualcrinl 
may/may not lie subse(|uciitly selectively ticposiletl. Material processing operations such as 
heating, chemical treating, or energy treating arc then pcrlbinicd on the ticpositcd part 
material (aiul |x.ssibly complementary material) conloun; hy the materials additive system lo 
ensure that the part (and p(.ssibly complenjcntary) materials are within tolerance ol 
prcspccified material prciiierties. fail material n«ay be deposited through a prccut mask or 
10 selectively through the materials additive subsystem. 

The controlled deposition and extraction ol part and complementary materials, as slated 
.scenarios One and Twc,. is repealed lo i.icludc all part and complemcnlaiy materials 
predetermined for the part layer. At this point in the proces.s, the layer is at lea.st partially 

15 covered hy dep.)sited part materials and/or complenjcntary nuiterials within tolerance of 
liieir resiieclive prespecified material properties. The materials sublraclive suKsystcm then 
processes the part contours lo airive within the specified geometric tolerance ofllic pari. 
Next, the materials additive subsystem completes the layer by depositing complementary 
material in any empty regions of the current layer in order to complete the layer. Materials 

20 processing of this additional complementary material may/may not be performed by the 
materials additive .subsystem. Interlayer processing such as layer thickness control by 
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smfacc injicliiiiing ami siiiracc UcalintMil aiul/or roughening. Tig. 7, is pciionncd cm Ihc 
coniplclcil (apgicgntc) layer l>y llic inlcrlaycr prwessing and preparali<iii sys4cm in 
preparation for the next layer. All of the nbovc occurs wilhin a regulaled cnvironnicnl 
diclalcil hy llic environment control suhsyslein 'I, I'ig. 'I,. In a particular einhodiincnl 
5 where Ihc materials sublraclivc system is n laser machining system, the part contours may 
be surfaced machined in order to attain thickness tolerances hefoic Ihc materials suhliactive 
system acts on Ihc pai( contouis. 

In imc version of the invention as previously described, the primaiy dep(>sitioii system may 
10 consist of a powder dispenser. Tip. 51' which deposits powder onto the work surface. A 
roller or S(|ueegee-likc mechanism (R). is used m rcgtdale the powder layer height and a 
mask may be used, if so desired, to conliol the contour of the powder layer. Both the layer 
materials processing and fusion bonding systems, Tig. 511, consist of a laser, such as the 
Diamond SL-^vl made l>y Cohercnl CJencral, electron beam, or other regional effect 
15 heat/energy source, and arc employed wilhin an appropriate environmental cycle (e.g. 
temperature and pressure) to ensure a dense, fusion bonded layer wilhin tolerance of 
specified material pioperlies, as is well known. I bis process adds both part and 
complementary materials to the work suiface. 

20 In a nuulified version, the primaiy deposition process may, as before described, consist of 
a powder or wire fed, mulli-malerial plasnui spraying system. Tig. 5E, (cither multi-head 
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or imil(i-ni;ileri5il feeds) such ns llic S(f-2()() phisinji spniy gun hascd system nuulc l^y 
ri:istnailync Co,. I hc plasma spraying parameters arc chosen lo regtihilc ihc layer hcighl, 
and n mnsk tiitiy alsn he used, if sti dcsirciK l<> conlrol ihc dcposilcti conlnui. I hc hdiidiiip 
in Ihc plasma sprayed layer nuiy he paiHally mechanical and partially from fusion, 

5 depending on the choice (d spraying parameters such as stand-<df distance, amperage, and 
gas velocity, i o achieve predominantly fusion intcr/intralaycr honding requires nonlriviid 
spraying parameters, and tluis a fusion honding phase would preferably be utilized. The 
fusion bonding system consists ol a laser or electron beam or other rcgioutil cITcct 
heat/energy source. Fig. 511, and is employed within an appropriate environmental cycle 

^0 (e.g. Icmperalmc and pressure, and gas concentration) to ensure a dense, fusion bonded 
layer within tolerance of its specified material properties, 'the additive processing of 
complementary materials need not include a fusion l)onding phase provided that the plasma 
spraying parameters can be chosen to provide a suitable support structure. Additionally, 
rapid solidincation mechanisms such as localized cooling devices may be used if rccjuirctl 

15 for gt>od material properties. 

In still another embodiment, the primary deposition phase. Fig. 5G, may emiiody the 
previously described powder or wire fed, molten material dispen.ser. Multiple heads oi 
multiple material feeds allows for nudlipic malcrial deposition. I he molten malcrinls 
20 dispensing |iarametcrs are cho.sen to legulale the layer height and a mask may also be used, 
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if so (IcsiictI, U» conliol llie layer coiUoiir. Hie ftision boiuliiig syMcin, Fig. 511, iis iKsforc. 
consisis ol ;i hiKcr or cicciron bcaiti or other regional cITccI lical/encrgy source and is 
cuiployctl within an appropriate environmental cycle (e.g. temperature, prcssmc, ami pas 
c«>nccnlralions) to ensure a dense, fusion bonded layer vvilliin tolerance of its specified 
5 nialerial properties. I he con»pleinentary materials additive pnKXSS may employ either the 
molten materials dispenser or a |>lasma-spray head and may not require a lull fusion bond 
to provide a suitable support slruclmc. 

In another modification, the primary ilcposition systcni. Tig. 5Ci, consists of a liquid 
10 dis|)enser for llie before nientioned pre- cured icsin or thermo.selting materials or for 
materials in sol-gel or solution form (e.g. ceramics). The dispensing parameters are again 
chosen to regulate the layer height, and a mask may also be used, if so desired, to control 
the layer contour, I be same fusion bonding system of Tig. 511 and/or a geneial heal source 
through the environmental control subsystem may be u.scd to cure the thermosel or 
15 evaporate the solvent to ensure a dense, fusion bonded layer within tolerance of its 
speciHed material pro|)erties. Any of the above nienlioned additive processing apparatus 
may be em|)loyed for the complementary materials dejiending on the choice of 
comjilcmcnlary material. 

20 Upon formation of the layer with or without any masking, the precision sublractive 
proces.ses of Tig.'s 6A and 613, arc employed to attain the exact geometry of the desired 
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paiC. The mnleri;ils siihlraclivc pidcesscs siihsyslein consists, ns before staled, of precision 
machining syslcms such as: miMinp, drilling, nulling, grinding. Fig. 6B, or hiscr or 
elccOon l)cain machining. I*ig. 6A, or cicclroslalic discharge machining, as cxantplcs. 

5 E»ch such system is capable of operating within Ihc cnviromnent rc(piircil l>y the ccMopulcr 
and controls siilisyslem. t o tins end, iicinid and/or gas coolant or high lempcraliirc tooling 
may l>e employed. The choice of siil^traclive process largely de|iends on the materials and 
environment anti thus various processes may be scheduled according to need. Debris 
removal, as at (II), I'ig. 4. is recjuircd to maintain a contaminant hee environnicnt in the 

10 pari processing enclosure. Debris comes in the h)rm <»f chips and/or loose powder and/or 
vapor and/or licjuid Irom the vari<ius material deliveries, additive and sublractivc proces.ses, 
and possibly coolants. 

(las (lows ("Gas", Fig. 4) may be used lo blow material vapor, debris, and other imwantcd 
15 products through gas ducts and filters sucli as in the model IOt).VI31() l*umc l.lxhauslcr and 
Filtered Air Cleaner by KEI. Gas Hows may also be used to clear areas only on the work 
surface, as needed. Gas flows may also he induced by high pressure no7.7.lcs or by 
vacuum diflusers which are opened within the part processing enclosure during a high 
pressure cycle. I hc gas flows may be f ixed locally lo the sublraclive processing apparatus 
20 to blow or suck debris as it is formed. More global gas flows may also be used lo suck 
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vapdrs oiu of Ihc pari processing enclosure willi ilrainagc paths cinploycil lo remove 
iinvaix)ri7.cd li(|ukls. 

Snhtraclive processing Ihc pari hiycr lo lolcnincc in Fig.'s 6A anti 6B. moreover, may 
5 crcalc cniply areas of llic work suiiacc wliich require filling wilh complcmcniary malcrial. 
Tlic malcrials atklilive siibsyslem, l-ig. 5A. discussed above, llicn acconiplisiics lliis lask. 

At lius point in the process. Ihe pari (aggregate) layer is formed lo tolerance in the work 
surface plane, Inil nol necessarily in Ihe vertical plane (height or thickness of Ihe layer). 

10 The inlcrlayer processing subsystem. Tig. 7. machines the completed layer to vertical 
tolerance (height) and surfacc-prcps (roughening, adding alloying or landing elements, 
chemical treating, elc.) Ihc layer to lacililatc the conslruclion of the next part layer. In 
Fig.'s 7A-7C. a part is shown in Tig. 7A comprising 3 part materials, as an example, with 
the aggregate layer being shown in expanded view in Fig. 7C for a particular part layer of 

15 Fig. 7B. 

The seijucnccs of operations outlined above are repeated until Ihe entire part is built, as 
described in connection wilh the flow charts of Fig.'s I A and IB. The finished pari is 
surrounded by complementary material which must be removed. The previously 
20 mentioned graphite, for example, can be removed by rapid oxidation, while other 
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complcmcnlary materials may be removed by Ibcrmal or mecbaiiical sliocking. chemical 
baths or iiiclltng as shown in Pig 's 8A-RC. 

Coinplcnicnlaiy nialcrial may have a niellinp poini Ih:U.w llial olpari nialcrial. and llins may 
5 lie rcmove{^ by 4iealing. Complcmenlary material may be soluble in an appnipriate lit|iiiil or 
gas ba.secl solvent for renu.vai. and indeed, may be solulile in water — snch as a variety of 
inorganic salts, certain waxes, or water soluble aluminum alloy.s. The complementary 
material(s) nmy include glass n«itcria!s such as a Iwrosilicale, soluble, for example, in 
solvents such as acetone, or may include ceramic materials of the like. As before staled, if 
10 graphite or a graphite-based material is used, such oxidizes readily under appropriate 
heating and/or oxygen conccnlralit>ns. I hernial and/or n>echanical cycling and/or 
sluK'king. as previously mentioned, may also he used Ibr removing the complementary 
inaleriaUs). 

15 The invention i.s applicable to a wide variety of part nnilcrials including, as examples, 
metals and nrclallic alloys, lliermoforming and thermosetting plastics, waxes, ceramics, 
glasses, graphites, and inorganics of various types, all such being depositabic in multi- 
material, composite layers, as described. 

20 nurllicr modirications will occur to those skilled in this art. and such as are considered to 
fall within the sphere and scope of the inv cnlion as defined in the appended clanns. 



SUBSTITUTE SHEET (RULE 26) 



WO95/0S935 



J 

PCT/IB94/00256 ^ 



33 

WHAT IS CLAIMED IS: 

I . A niclhotl of aiilomalcci hiyerwise labrication of a Ihrec-diinensional pari hoin a 
cotii|nilct nuKlcl, through coiUrollctI ticposicion aiici extraction of materials, that comprises, 

5 pnHliicing a tlircc-dimcnstoiial computer model representation of the part and, by software, 
slicing the same into a plurality of successive layers coiresponding to layers of 
prcdclcrn)ined liiickness(cs) of the pari; generating sequences of part and complementary 
support material(s) contours corresponding to each layer; depositing malerial(s) for one or 
more of saiti contours onto a work surface within a processing enclosure; matcrial(s) 

10 processing said deposited contoui(s) in order to achieve pres|)ccined material properties for 
pait and complementary contoms; removing poitions of said material(s) fiom said 
' contotn(s) under the control of the computer model contour(s) corresponding thereto; 
repeating the depositing, processing, and removing as necessary under the control of the 
computer nuxlel conespotiding to the layer to complete an aggregate layer comprising part 

15 material contours within prespecified geometric and material property tolerances and 
complementary malerial(s) elsewhere on the aggregate layer; completing the computer 
model layer by fui ther processing said aggregate layer to ensure thickness tolerances and 
selective binding to the next aggregate layer; repeating said controlled layer creation steps to 
build the entire part suiiounded by the complementary material/s; and removing said 

20 complementary material/s to obtain the fabricated pait. 
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2 . r he niclliod of claim I wlieieiii (lie processing of said Ihrec-dinicnsional compiKcr 
iikkIcI imoconlouiTi is done in a ba(ch mkhIc Io olnain a full scl of conlours. 

3 . I hc inclhod of claim I wherein Ihc processing of said Ihrce-dimensional compiiler 

5 model for a given conlour is performed as said given contour is needed l»y ihc 

process, willi Ihe slicing of (he model occurring siniiillaneously wilh «hc part 
building. 

4. The mellHHl of claim I- wherein liiagnostics aiul/or expcrl decision nuiking arc used Io 
iO lutdier process coinpu(er nmdcl da(a and define (he slice conUnirs Io facili(a(e (he 

parl-building process. 

5 . A mellKKi as claimed in claim I and in which Ihe materials deposition is effected M|H)n 
a pre-cut mask of complementary material, the cut of which correspoJids to a 

15 corresponding software-slice conlour, such that the mask is left in place as 
complementary support material toward the formation of the aggregate layer. 

6. A melhoti of claim I and in which the malerials deposition is effected upon a pre-cul 
mask of material other than complemcnlary material, and is removed prior to llie 

20 formatii)n of the aggregate layer. 
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7. riir niollind k\\ c laim 5 in wliidi a coiilour lacUiii/alum ap|»ioaiii is used sncli thai 
llicic arc 11(1 island conlours lor any pivcn mask. 

K. riic mcUind ol claim I in wliicti flic piciriH masks aic macliinrd liamiv; on a 
5 ccnilimidns film lliai advances over llic vvoik sntlacc. or machined individual sheets 

that arc se(|ucntiatly positioned over the woik siHiacc. 

*>. The method ol ciaitn I in wiiich the mask Ibiming system c»>nsisls t»l a convenli(»nal 
machining or a lasci/energy licani machining system. 

10 

10. The method of' claim I wherein the |>ait and/or complementary sections which form 
the aggregate layer may ct^nsisl ol multiple maleriais. 
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